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We investigate the effect of post-deposition annealing (for temperatures from 848 K to 1273
K) on the chemical properties of crystalline Ta2O5 films grown on Si(100) substrates by radio
frequency magnetron sputtering. The atomic arrangement, as determined by X-ray diffraction, is
predominately hexagonal (δ-Ta2O5) for the films exposed to heat treatments at 948 K and 1048 K;
orthorhombic (β-Ta2O5) for samples annealed at 1148 K and 1273 K; and amorphous for samples
annealed at temperatures below 948 K. X-ray photoelectron spectroscopy for Ta 4f and O 1s core-
levels were performed to evaluate the chemical properties of all films as a function of annealing
temperature. Upon analysis, it is observed the Ta 4f spectrum characteristic of Ta in Ta5+ and
the formation of Ta-oxide phases with oxidation states Ta1+, Ta2+, Ta3+, and Ta4+. The study
reveals that the increase in annealing temperature increases the percentage of the state Ta5+ and the
reduction of the others indicating that higher temperatures are more desirable to produce Ta2O5,
however, there seems to be an optimal annealing temperature that maximizes the O% to Ta% ratio.
We found that at 1273 K the ratio slightly reduces suggesting oxygen depletion.
I. INTRODUCTION
In the last years tantalum pentoxide (Ta2O5) has been
considered as a good candidate for technological applica-
tions such as gas detector, insulator, catalyst, and storage
capacitor1–3. This is due to its high dielectric constant,
high refractive index (n = 2.18 at λ = 550 nm), and a
wide optical band gap of ∼4.0 eV 4–7. Ta2O5 crystal-
lizes in several polymorphs depending on the synthesis
methods and the temperatures in post-deposition heat
treatments. For annealing temperatures below 873 K,
Ta2O5 is amorphous but for temperatures between 873
K and 1523 K two crystalline phases show up, namely:
hexagonal (δ phase) and orthorhombic (β phase)8–11.
The chemical, physical, and structural properties of
Ta2O5 films deeply depend on the fabrication processes.
In the last years, a great number of methods such as PLD,
rf sputtering, ion assisted deposition, and EBE have been
used to grow Ta2O5 films
12–17. In general, the oxygen
to tantalum ratio is not stoichiometric and the chemical
composition depends strongly on the methods employed.
To ensure full oxygenation of the films, post-deposition
annealing is carried out18–20. There has been evidence
of crystalline phase transitions from hexagonal to or-
thorhombic as the annealing temperature increases21. As
a result of this, significant changes on the physical and
chemical properties of the samples are expected. Despite
2that there is wide number of works studying the chemical
properties of amorphous Ta2O5 films
17,22–25, to the best
of our knowledge, there a few works focused on studying
these properties for the crystalline phases.
In this work we investigate the annealing tempera-
ture dependence of the chemical properties in crystalline
Ta2O5 films deposited on Si substrates by RF magnetron
sputtering. For this purpose we prepared several Ta films
and exposed them to annealing temperatures ranging
from 848 K to 1273 K. Their crystalline structure was
evaluated with XRD (X-ray diffraction) and the chemical
properties such as atomic concentration, chemical states,
and atomic bonding were studied by X-ray photoelectron
spectroscopy (XPS).
II. EXPERIMENTAL
A. Film growth and annealing
Six amorphous Ta films were deposited at room tem-
perature on Si(100) substrates by the RF magnetron
sputtering technique. The deposition took place in a vac-
uum chamber with a base pressure of 6.6 × 10−5 mbar.
Argon gas (99.9% purity) was flushed into the chamber
to obtain a working pressure of (2.6± 0.1)× 10−2 mbar.
Before deposition the substrates were cleaned up by sev-
eral baths of distilled water, acetone, and ethanol. In
order to eliminate the native oxide layer on the target
a 5 min-presputtering was conducted before deposition.
The deposition was carried out using a 2.5 inch-Ta tar-
get with 99.95% purity and a sputtering power of 120 W;
resulting in a deposition rate of 2.8 A˚·s−1 and a thick-
ness for all films of 2.4 µm. The target-to-substrate dis-
tance was about 12 cm and during film growth no oxy-
gen was flushed into the chamber. To induce the desired
crystalline phase, i.e., Ta2O5, five films were exposed to
post-deposition heat treatments in air for 1 h at different
annealing temperatures, namely, (848, 948, 1048, 1148,
1273) K using a Thermo Scientific Thermolyne cylindri-
cal furnace (model F21135). To associate the annealing
temperature to the samples, the films were labeled F848,
F948, F1048, F1148, and F1273. The remaining film,
labeled F298, was kept for future reference and was not
subjected to any heat treatment. Table I gives the an-
nealing temperature Tann and the crystalline phase of the
films.
B. Characterization
A Siemens diffractometer model D-5000 with Cu Kα1
radiation (λ = 1.5406 A˚) was used to evaluate the atomic
structure of the samples. Steps of 0.02◦ with a time per
step of 3 s and operating parameters of 34 kV and 25
µA were used to obtain the XRD patterns. A Thermo
Scientific K-Alpha XPS spectrometer with an Al Kα X-
ray source set to 12 kV and 40 W was used to analyze the
TABLE I. Annealing temperature Tann and determined crys-
talline phase for the films.
Film Tann
K
Phase
F298 298 Amorphous
F848 848 Amorphous
F948 948 δ
F1048 1048 δ
F1148 1148 β
F1273 1273 β
chemical properties of the films. For the XPS surveys and
scans we used steps of 1 eV and 0.1 eV, respectively; the
beam spot had a diameter of 400 µm and made an angle
relative to the sample of 30◦. Chemical properties were
assessed measuring the Ta 4f and O 1s core-levels. The
atomic composition, chemical states, and atomic bonding
were determined by deconvolution of the Ta 4f and O
1s spectra using Shirley-Sherwood background and Voigt
functions [Gaussian σ = (1.43, 0.9) eV and Lorentzian
γ = 0.02 eV] as implemented in the AAnalizer software26.
III. RESULTS AND DISCUSSION
A. Crystalline Structure
To evaluate the crystalline structure of our samples we
performed XRD measurements. Samples F298 and F848
showed no diffraction patterns, indicating a disordered
atomic structure (see Fig. 1). The rest of the samples
exhibit a crystalline structure. For the sake of phase
indexation we compared our measurements with sev-
eral references from the Powder Diffraction File (PDF)
dababase under the International Centre for Diffrac-
tion Data (ICDD) implemented in the software of the
diffractometer. From a list of at least six PDFs (even
among these references we spotted slight discrepancies)
the films F948 and F1048 can be indexed to the hexag-
onal phase δ−Ta2O5 with PDF 00-019-1299; lattice pa-
rameters a = b = 3.6240 A˚, c = 3.8800 A˚, α = β = 90◦,
and γ = 120◦; spatial group P6/mmm27,28; whereas the
films F1148 and F1273 can be indexed to the orthorhom-
bic phase β−Ta2O5 with either PDF 00-025-0922; lattice
parameters a = 6.1980 A˚, b = 40.2900 A˚, c = 3.8880 A˚,
and α = β = γ = 90◦; spatial group P21212; or PDF 01-
089-2843; lattice parameters a = 6.2000 A˚, b = 3.6600
A˚, c = 3.8900 A˚, and α = β = γ = 90◦; spatial group
Amm2. In Table I the phases for all films are summa-
rized. Figure 2 shows the best matches; there we can see
that the pattern of F1273 shows a much richer pattern
than the pattern due to F948. It is evident that F1273
exhibits a series of small reflections along the whole pat-
tern that match the reference pattern PDF 025-0922. It
is important to underline that so far there has not been
a consensus regarding the spatial symmetry of these two
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FIG. 1. X-ray diffraction patterns for the crystalline films.
The patterns for the samples F948 and F1048 are indexed
to the δ phase and the patterns for F1148 and F1273 are
indexed to the β phase of Ta2O5. Samples F298 and F848
are amorphous.
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FIG. 2. Phase indexation of our samples. Samples F1148 and
F1273 can be indexed to PDF 025-0922 whereas films F948
and F1048 can be indexed to PDF 0019-1299.
phases, and, due to the overlapping of several peaks, one
cannot rule out the coexistence of both phases21,29–36.
To the best of our knowledge, at least 12 spatial groups
has been proposed and we do think it is not worth com-
puting the lattice parameters or conducting a Rietveld
refinement, since these depend on the particular choice
of the group symmetry. The precise determination of
both the crystalline structure and the spatial symmetry
are beyond the scope of the present investigation.
The crystallite sizeD was estimated using the so-called
Scherrer relation
D =
Kλ
Γ cos θ
, (1)
where we used K = 0.9, λ = 1.5406 A˚ and Γ is the full
width at half maximum. For our calculations we used
the peak at 2θ = 28.3◦ and found that Γ =(0.79, 0.69,
0.52, 0.27)◦. With these values we found the size to be
D =(10, 12, 16, 30) nm, respectively.
It is worth mentioning that Ta2O5 is the most sta-
ble oxide of Ta; other oxides such as TaO, Ta2O, TaO2,
Ta2O3 are difficult to synthesize as pure phases (ex-
cept for TaOx) and usually appear as contamination
10.
Furthermore, most suboxides are crystalline, except for
Ta2O3 and TaOx that are amorphous. This issue will
become important for our forthcoming discussion.
B. Chemical properties
The chemical properties of our samples were studied by
XPS analysis. The binding energy of all spectra for Ta
4f and O 1s core-levels was calibrated at 532 eV using
as reference the oxygen peak. During the analysis, we
also spotted traces of carbon contamination in all films
as revealed by the surveys in Figure 3.
The results of the spectra for the Ta 4f core-level are
shown in Fig. 4(a). All spectra exhibit the typical spin-
orbit doublet corresponding to the levels 4f7/2 and 4f5/2
located at 27.8 eV and 29.6 eV with peak splitting of 1.9
eV. The binding energies and peak splitting are char-
acteristic of Ta5+ in stoichiometric amorphous Ta2O5
films37–40. A closer look at the black spectrum for the as-
deposited film (F298) reveals a satellite on the low energy
region. This feature has been reported to be caused by
screening of 5d electrons in a-TaOx (x = 1.86, 2.00), thus
suggesting the presence of Ta suboxides such as TaOx
23.
Since this film was not exposed to a heat treatment, one
would expect, besides amorphous Ta2O5, the appearance
of other Ta suboxides that were mainly generated dur-
ing deposition as there still exists residual oxygen in the
deposition chamber.
As the annealing temperature is increased, the shoul-
der vanishes indicating that the amount of suboxides is
reduced.
The O 1s core-level gives additional information on the
chemical states of our samples; the corresponding spec-
tra are shown in Fig. 4 (b). We first observe a peak at
532 eV associated to Ta-O bonds39,41. At ∼534 eV there
is a satellite whose intensity reduces as Tann decreases.
This feature is attributed to residual oxygen and surface
contamination; mainly carbon compounds (see below).
We also notice that for the sample F1273, the shoulder
reappears. To verify the source of this shoulder we sput-
tered the sample for 9 min with an argon ion beam with
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FIG. 3. XPS surveys for all samples. Some degree of carbon
contamination in all samples is observed.
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FIG. 4. Ta 4f (a) and O 1s (b) core-levels for the six films.
a voltage of 3 kV, and an electric current of 10 µA —
the incidence angle between the sample and the ion gun
was 90◦. Then the O 1s core-level was measured and the
shoulder considerably diminished (as seen in the inset of
the corresponding film in Fig. 5). We thus believed that
this feature is caused by contamination.
The deconvolution analysis performed on the Ta 4f
spectra reveals that there are five contributions from five
Ta oxidation states (see left column in Fig. 5). The
five doublets are located, with respect to Ta 4f7/2, at
binding energies of (23.0, 24.1, 25.4, 26.7, 27.8) eV with
spin-orbit splittings of 1.9 eV. These binding energies are
attributed to Ta1+, Ta2+, Ta3+, Ta4+, and Ta5+ states,
respectively22,44,45. These results strongly suggest the
formation of metastable phases of Ta oxides such as TaO,
Ta2O, TaO2, TaOx, and Ta2O3. However, since the XRD
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FIG. 5. Deconvolution of the Ta 4f (left column) and O 1s
(right column) core-levels for the six films. The inset in the O
1s spectrum of F1273 shows the O 1s spectrum after 9 min of
sputtering. One can see that the satellite almost disappears
and it is therefore caused by contamination.
show no traces of crystalline phases of Ta suboxides we
believe that, due to the unstable nature of these phases,
during annealing the surface atoms readsorbed O to form
Ta2O5 and the other phases are trapped in a few top-
most layers42. On the other hand, the deconvolution of
the O 1s spectra is shown on the right column of the
same figure. There we can see that the oxygen spectrum
is well fitted with three peaks. The low energy peak is
attributed to Ta-O bonding, the peak at 533 eV is due
to residual oxygen and the peak at 534 eV is due to car-
bon contamination, most probably carbon dioxide which
is quite ubiquitous in all samples22,23,43. As discussed
above the sample F1273 exhibits a pronounced satellite
whose intensity was reduced after sputtering the sample
for 9 min. The deconvolution confirms that this satellite
is due to contamination.
In order to assess the effect of the annealing temper-
ature on the chemical properties, we used the doublets
of the Ta 4f spectra to compute the percentage of oxi-
dation state as function of Tann. Figure 6(a) shows the
results. We can observe a monotonic increase of the per-
centage of Ta in the state Ta5+ as a function of annealing
temperature. The increase for the state Ta5+ goes from
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FIG. 6. Annealing temperature dependence of the oxidation
state (a) and of the oxygen to tantalum ratio (b).
67% to 93% whereas the rest of the states remain be-
low 10%. This tendency clearly demonstrates that the
crystalline phases of Ta2O5 are favoured at high tem-
peratures. We also computed the oxygen to tantalum
ratio as a function of Tann. The results are given in Fig.
6(b). As expected, the film F298 exhibits an O% to Ta%
ratio close to 1; nevertheless as the temperature is in-
creased from 298 K to 1148 K, the ratio remains around
1.5 (non-stoichiometric) and decreases to 1.2 at 1273 K.
This behaviour suggests that there is a range of temper-
ature that favours the generation of tantalum pentoxide
with the highest oxygen content. Accordingly, however,
from 1148 K to 1273 K the oxygen seems to deplete.
IV. CONCLUSIONS
The atomic structure of Ta2O5 films was studied by
X-ray diffraction. We found evidence for the presence of
the hexagonal phase of Ta2O5 for samples annealed below
1048 K and the orthorhombic phase of Ta2O5 for samples
annealed above 1048 K. In all these cases there are no
traces of crystalline Ta suboxides. The films exposed
to heat treatments below 848 K showed no diffraction
patters and were found to be amorphous.
XPS studies were realized in order to characterize the
chemical properties of the films. According to the anal-
ysis carried out on the spectra for Ta 4f and O 1s core-
levels, it can be concluded that Ta suboxides show up in
small amounts as revealed by the appearance of satellites
in both the Ta 4f and O 1s core-levels. The deconvolu-
tion of the XPS spectra strongly indicates the existence of
several chemical states such as Ta1+, Ta2+, Ta3+, Ta4+,
and Ta5+. We conclude that as the annealing tempera-
ture is increased the presence of the state Ta5+ increases,
indicating that high annealing temperatures are desired
to favor the generation of tantalum pentoxide. However,
there seems to be a limit in the value of the anneal-
ing temperature if one wishes to avoid oxygen depletion.
This is deduced by observing a reduction in the oxygen
to tantalum ratio for the sample F1273.
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